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Abstract
A mirrored bilayer structure incorporating layers of Graphene and MoS2 is proposed here for
Surface Plasmon Resonance (SPR) biosensing and its performance is evaluated numerically.
Starting from the basic configuration, the structure with graphene and MoS2 layers is
gradually developed for enhanced performance. Reflectance is the main considered parameter
for performance analysis. A theoretical framework based on Fresnel′s equations is presented
and by measuring reflectance versus angle of incidence, sensitivity is calculated from the
displacement of SPR angle using finite-difference time-domain (FDTD) technique. Our
numerical analysis shows that using the proposed approach, about 4.2 times enhanced
sensitivity can be achieved compared to the basic Kretschmann configuration. Notably, the
structure provides enhancement for both angular and wavelength interrogations. Furthermore,
simulations have been repeated for various ligate-ligand pairs and consistent enhancement
has been observed which proves the robustness of the structure. So, the proposed sensor
architecture clearly provides pronounced improvement in sensitivity which can be significant
in various practical applications.
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1. Introduction
In recent times, there has been immense growth in usage of optical biosensors in disease
detection due to highly specific, cost effective and sensitive applications [1, 2, 3]. Plasmonics
is an attractive research arena in this regard as it provides real-time and label-free detection
of different biosubstances. Efforts focusing on sensitivity enhancement lies at the core of
surface plasmon resonance (SPR) biosensing research as it paves the way for detecting tiny
variations in the sensing layer which can be critical in revealing disease onsets.
SPR spectroscopy is extremely suitable for analyzing biomolecular interactions occurring
in the vicinity of sensor surfaces [4, 5]. When a biomolecule on a sensor surface meets its
partner in a solution, it creates a binding affinity interaction that in turn changes the
interfacial refractive index observable by the attached sensor [6, 7, 8]. Liedberg et al. [9]
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first demonstrated application of SPR in immunology. In an elaborate review, summary of
SPR biosensors was presented by Homola [10]. SPR is the excitation of Surface Plasmon
Waves (SPWs) which was first introduced by Otto [11]. However, Kretschman successfully
commercialized it through excitation of SPWs on a silver film adhered to glass substrate
[12]. Later Nylander and Liedberg et al. demonstrated the suitability of the Kretschmann
configuration based SPR for both gas and biomolecular sensing [13]. Since then, a diverse
range of sensing applications have been benefited from this technique [14, 15]. Chiu et al. was
the first to report the use of Graphene-Oxide based SPRs for analyzing sensitivity [16], which
has an alternative model with Graphene multilayer. This multilayer can induce enhanced
electric field by virtue of strong coupling at the interface when deposited on metallic thin
film or functionalized by Gold or Silver nanoparticles, but the field intensity depends on
number of layers used [17]. Recently, it has gained popularity to incorporate additional
composites with superior optical properties like CNTs [20], magnetic nanoparticles [21], gold
nanoparticles [22], nanoelectronics [23], and P-doped Si crystals for sensitivity improvement
[24]. Wang et al. [25] and some other researchers have experienced enhancement employing
more than one metal layer. Artar et al. have shown that Fabry-Perot (FP) cavity resonances
in a multilayered plasmonic crystals is highly sensitive to refractive index changes [26].
According to [27], perovskite-based metasurfaces have also provided sensitivity improvement.
Furthermore, ultra-sensitive sensing has been achieved through multilayered self-assembly of
graphene oxide and its reductions [28]. However, most of these approaches require significant
fabrication efforts with increased complexity. Hence, it is desirable to have performance
enhancement through simple structural modifications to a basic SPR biosensor without
altering the process flow greatly.
To that effect, study on enhancement of sensitivity of SPR based biosensor is presented in
this article. Here, we use lipid as a sensing layer since lipid bilayers are the basic component
of the cell membrane. For any disease to attack a healthy cell, its carrier has to penetrate the
membrane first. As a result, changes in the membrane become an important point of study as
molecular targets for validated drugs and disease linking, which in turn necessitates study
of lipids. We have proposed an SPR based novel biosensor structure using Kretschmann
configuration where the bond-forming region is mirrored through reflection over the channel,
effectively doubling the possible volume of bond formation. Here, graphene plays role
as bio-recognition constituent through pi-stacking force, while MoS2 layers enhance light
absorption by assisting in efficient charge transfer. We use finite-difference time-domain
(FDTD) simulations to validate our idea and show that our proposed bilayer structure
increases the sensitivity over the conventional planar SPR sensor based on Kretchmann
configuration by approximately 320% for angular interrogation. Again, as the detection
mechanism here is optical, it is mainly concerned with the refractive index variation of the
sensing volume. As a result, the obtained sensitivity enhancement is largely independent of
sensing layer composition.
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2. Development of the Proposed Structure
In this section, we gradually develop our proposed structure for enhanced sensitivity for
lipid detection. We start with the basic structure containing the ligand and sensing layers
on top of the prism as showed in Fig. 1(a). According to [29], we optimized the thickness of
the metal layer. When a solution is flown through the channel, the phospholipid molecules
(the sensing element here) bind with the tryptophan molecules (ligands in this case). The
detailed performance analysis of this structure is given in section 4. This approach cannot
provide very high sensitivity. So, to increase the sensitivity, we adopt a bilayer approach.
Figure 1: Evolution of proposed structure, (a) basic structure, (b) bilayer SPR sensor configuration, (c)
bilayer configuration with graphene and (d) proposed SPR sensor structure with mirrored layers of graphene
and MoS2.
In SPR sensors, the shift in SPR angle when the binding occurs is what determines
the sensitivity. The higher the shift, the more sensitive the sensor is. Now for the bilayer
structure, Fig. 1(b) shows that the flow channel is sandwiched between two ligand layers.
Here the sensing molecules form bonds with the ligands on either side of the channel which
results in a larger change in the effective refractive index of the sensing layer. This enhanced
shift of refractive index eventually leads to a higher shift of SPR angle and hence, higher
sensitivity. To further enhance the sensitivity and improve performance, a layer of graphene
on each side of the ligands is used as displayed in Fig. 1(c). In this respect, it is important to
be able to anchor the ligands properly to the corresponding receptors. The graphene layer is
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useful in this regard as it aids in new surface functionalization. Additionally, graphene layers
are highly hydrophilic and help to passivate the sensor surface against oxidation. Moreover,
the ability to vary the graphene layer thickness acts as a tuning option for the designer to
obtain the desired SPR behavior. Large surface area and significant field enhancement are
also among other benefits when graphene is used [17].
Extremely thin layers of MoS2 have been shown to amplify the sensor performance
significantly [30]. Monolayer MoS2 provides a high optical absorption efficiency (around
5%) and a direct bandgap of 1.8 eV [17]. So, considering these salient features, we applied
graphene with MoS2 in the bilayer structure which forms our proposed structure. The
proposed architecture is schematically depicted in Fig. 1(d). The first layer from the bottom
is a glass prism, which changes the momentum of the incident light so that surface plasmons
can be excited. A 50 nm gold layer is deposited on the prism, thickness of this metal layer has
been optimized as per [29]. This is followed by a monolayer MoS2 of 0.65 nm. Monolayer is
chosen to have direct bandgap. Then there are three layers of graphene with a total thickness
of 1.035 nm. Though at times sensitivity benefits from increasing depth of graphene layers ,
it also leads to broadening of the reflection curve, resulting in lower detection accuracy [19].
In this study, three layers of graphene is chosen since it has been found to provide most
optimized results. The next part of the structure is for the binding and flow of biomolecular
samples. The structure is a mirror image except for the glass prism and metal across the
x-y plane through half-way of the channel. In case of detecting lipids, e.g. phospholipid
using the proposed structure, amino acid tryptophan are used as ligands. In this work, we
assume a monolayer of tryptophan of 1.3 nm on graphene layer. The solution containing the
phospholipid is flowed through one end of the channel and after detection, the phospholipid
is washed away through the other end. In this proposed sensor architecture, light absorption
is enhanced by the MoS2 layer through providing sufficient excitation energy for effective
charge transfer, whereas, graphene aids in bio-recognition through pi-stacking force.
3. Mathematical framework of the proposed structure
To analyze the SPR phenomenon, TM-polarized light is transmitted from a light source
towards a prism with large refractive index. As the incidence angle is gradually increased
from a small value, total internal reflection occurs after the critical angle is passed. An
evanescent wave is generated subsequently which penetrates the metal as well as adjacent
sensing layer. With further increase in angle of incidence, energy from this evanescent wave
gets completely absorbed by the surface plasmons excited in the thin metal film at the
SPR angle (θ
SPR
). As a result, the reflected light strength becomes minimum in that case.
The following formalism begins with the Kretschmann sensor layout and from there it is
extended towards the concept for our proposed structure. The sensing principle for the
basic configuration can be described by [1]-
np
ω
c
sin(θSPR) =
√
ms
m + s
. (1)
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Here, np is a refractive index of prism; m and s are the permittivity of the metal and
sensing layer. This can be approximated by the following expression-
npsinθSPR ≡ ns, (2)
where, ns is the refractive index of sensing layer. For our proposed structure, we have
multiple layers. According to [1], if we have multiple layers after metal layer, we can use
effective refractive index neff for sensing layer and sensing equation can be approximated
as
sinθSPR =
neff
np
, (3)
where neff is the effective refractive index of the the layers on the other side of the prism.
It is defined as
neff =
2
ld
∫ ∞
0
n(z)e−2z/lddz, (4)
where ld is the penetration depth. Now for the proposed structure with multiple layers of
dielectrics on the upper part of the metal, we develop the necessary equations by extending
the formalism in [1] for the reflections measurements as,
R = |r0,9|2 , (5)
with,
ri,9 =
(ri,i+1 + ri+1,9 × exp(2ikzi+1di+1))
(1 + ri,i+1 × ri+1,9 × exp(2ikzi+1di+1)) , (6)
rhq =
(ζq − ζh)
(ζq + ζh)
, (7)
and
ζh =
eh
kzh
, (8)
where R is the final reflection output; i = 0 to 7; d1; d2; d3; d4; d5; d6; d7 and d8 are the
thicknesses of metal, first MoS2 layer, first graphene layer, first ligand layer, sensing layer,
second ligand layer, second graphene layer and second MoS2 layer respectively; kz0 to
kz9 are the wavevectors of the respective media; h = 0 to 9 and r01, r12, r23, r34, r45 are
the amplitude reflectances given by Fresnel formulas of p-polarization for prism-metal,
metal-MoS2, MoS2-graphene, graphene-tryptophan, tryptophan-lipid intefaces in order on
one side of the channel. Again, r56, r67, r78, r89 represent reflection coefficients from the
lipid-tryptophan, tryptophan-graphene, graphene-MoS2 andMoS2-air interfaces, respectively;
e0; e1; e2; e3; e4; e5 are the dielectric constants of the prism, metal, MoS2, graphene, tryptophan
and sensing layer. e4 and e6 are equal, e3 and e7 are same, e2 and e8 are same, e9 corresponds
to air and
kzh = (
2× pi
λ
)×
√
(eh − eo × (sin θ)2). (9)
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4. Simulation Results
For simulation purposes, we model the source as a He-Ne laser having 632.8 nm emission
wavelength. This wavelength source has been chosen because of relatively low cost and ease
of visible-range operation, producing beams of similar quality in terms of spatial coherence
and long coherence length. The incident light is simulated to be TM polarized. To investigate
the effect of incidence angle change, the source and the detector are rotated synchronously
at small angular steps, keeping the sensor setup stationary. The sensitivity of an SPR sensor
can be defined as
Sθ =
dθSPR
dns
, (10)
where dSPR is the differential change in SPR angle due to dns, differential change in sample
layer refractive index.
4.1. Parameter Settings
In this section, we discuss the modeling of this basic structure in FDTD simulator,
providing parameters used in the simulation and convergence test. The meshing was adjusted
to provide convergence with sufficient precision, without making the simulation unnecessarily
lengthy. The material layers were simulated as layers with corresponding complex refractive
indices in the respective wavelengths. For intermediate arbitrary wavelength, interpolated
values are used. We used data obtained by Palik [31] to model the layers. The estimated
index of refraction for graphene was 3+1.1487i using n = 3 + iCλ/3, where λ is wavelength
(µm) and C is 5.446 µm−1 [17]. The refractive index of MoS2 was estimated to be approximately
5.9+0.83i [32]. Although bio-layers are not necessarily continuous layers, for simplicity
we approximated the ligand-ligate layers as a single continuous layer. Again, the layers
have been modeled as dielectrics with complex refractive indices obtained from [33]. For
our simulations, we applied perfectly matched layer (PML) boundary conditions along the
direction of light incidence and bloch boundary conditions along the direction perpendicular
to it.
4.2. Performance analysis
In Fig. 2(c), we show reflectance against angle of incidence. In Fig. 2(e), θSPR is plotted as
a function of the sample’s index of refraction, we fit a linear least square error curve passing
through the dip angles. We determine the sensitivity from the slope of this line and it was
found that for the proposed structure, Sθ = 75.1954
◦
/RIU while for basic Kretschmann,
Sθ = 17.9138
◦
/RIU . So, a significant improvement is obtained by adopting this approach
over the conventional metal-dielectric configuration and the ratio of the sensitivity of the
proposed one to basic one is about 4.2. We also noticed in Fig. 2(d) that maximum power
is coupled at the resonance angle which validates the occurrence of SPR coupling at that
angle.
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Figure 2: (a) Schematic of the proposed structure, (b) Electric field intensity profile in the proposed structure
for TM incident light at a wavelength of 632.8 nm, (c) Reflected light intensity versus source incidence angle
at a wavelength of 632.8 nm, (d) Normalised coupled power versus angle of incidence at a wavelength of
632.8 nm with the sample of 1.46 refractive index, (e) SPR angle versus sample refractive index to calculate
sensitivity.
The electric field profile across the direction of field penetration inside the sensing layer
is shown in Fig. 2(b). As can be seen from here, the E field penetrates through the channel
and reaches the upper ligand layer upto the layer of MoS2. This is what enhances the
sensitivity. If the molecule dimensions are small enough then the evanescent wave can reach
through them and go upto the next layers as demonstrated in Fig. 3. As a result, the change
in the effective index of the sensing layer is more after ligand-analyte bonding. This is the
physical reason behind the increased sensitivity of the structure.
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Figure 3: Penetration of evanescent wave through the proposed bilayer structure (here red and green circles
represent target analytes and solvent molecules respectively).
Though we focus mainly on the angle interrogation technique, our structure provides high
sensitivity in wavelength interrogation as well. To characterize the proposed framework in
terms of wavelength criterion, we use a broadband source having a spectra between 400 to
700 nm. Also we set the source incidence angle such that at the metal interface the light
is incident at 66.54
◦
. Then we measure the reflected light at different wavelengths sweeping
the center wavelength and observe the reflectance dip. Fig. 4 shows the reflectance using the
sample layer indices 1.4, 1.46 and 1.52. Here we see that the wavelength corresponding to
the dip experiences a red shift as the index rises. Also from here we calculate the sensitivity
in terms of the wavelength shift as
Sλ =
dλ
dn
, (11)
Figure 4: Reflected light intensity versus source wavelength at an angle of 66.54.
where dλ is the differential change in SPR wavelength due to dn, differential change in
sample layer refractive index. From the observations, we find with the proposed approach,
the sensitivity is, Sλ = 116.67 nm/RIU. Again in this regard, the sensitivity of the Kretschmann
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structure was simulated and found to be 20 nm/RIU. So, once again we find that the designed
structure gives superior performance over the basic one.
We analyzed all structures in the process of the development of proposed structures.
The results are shown in Figs. 5 and 6. The superiority of our structure is obvious from the
graphs.
Figure 5: Reflectance versus incidence angle of (a) Basic structure (b) Bilayer structure (c) Bilayer structure
with graphene (d) proposed structure.
We varied the refractive index from 1.4 to 1.52 and observed the shift in angle of incidence
in Fig. 5. Then, we plotted the shift of the angle of incidence with the refractive index
variation in Fig. 6 . The slopes of the graphs give us corresponding sensitivity. We find
that for basic Kretschmann, Sθ = 17.9138
◦
/RIU . For, Fig. 6(b), we found sensitivity, Sθ =
20.2
◦
/RIU . As we can see, introducing the bilayer aids in higher binding of the analytes
which alters the index by a higher degree. This in turn results in a larger shift in SPR
angle which enhances the sensitivity. The sensitivity obtained for the bilayer with graphene
case from Fig. 6(c) was, Sθ = 25.02
◦
/RIU and finally, for the proposed structure, it was
Sθ = 75.2
◦
/RIU , as mentioned before. It is clearly noticeable that the sensitivity gradually
increased as we went from basic to the proposed structure. To further validate the pertinence
of the proposed configuration, various disease conditions have also been simulated [8] and
results show that the structure is able to successfully detect them to a satisfactory limit.
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Figure 6: SPR angle versus sample refractive index of (a) basic structure, (b) bilayer structure, (c) bilayer
structure with graphene and (d) proposed structure.
4.3. Comparison with other Enhancement Structures
The proposed structure provides significant enhancement as it has been described above.
In Table 1, we provide the normalized sensitivity of the proposed structure, as well as of
structures of other Refs. If we compare the performance, we can clearly see the relative
improvement provided by the bilayer architecture.
Table 1: Ratio of sensitivity for proposed and other structures over basic Kretschmann configuration
Structure Sθ(normalized) = S/SKretschmann
Proposed Structure 4.2
Nanowire Based SPR sensor [5] 1.42
Graphene coated SPR sensor[18] 2.2
ZnO assisted Graphene-based SPR sensor [19] 1.27
Trilayered Metallic Structure [25] 1.53
Graphene Oxide Multilayer Structure [28] 1.03
Cr-Ag-ITO SPR Refractive Sensor [34] 3.90
4.4. Robustness of Sensitivity Against Choice of Ligand-ligate Pair
We studied the performance of this structure for other lipids using different suitable
ligands and obtained similar sensor characteristics. Table 2 shows the various S values
obtained for the combinations. We see that the sensitivity enhancement is fairly consistent
over all the pairs.
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Table 2: Comparison of Sensitivity among different ligand-analyte combinations
Ligand-ligate Pair Sensitivity, S(degree/RIU)
Tryptophan-Phospolipid 75.2
BSA-Phospolipid 74.7
BSA-Egg Yolk 75.03
5. Conclusion
Sensitivity enhancement is really important specially for detecting very small changes
in the sample layer which otherwise can easily go unnoticed. If we have a large number of
cell samples and only a portion of them are infected due to attack of a disease, then the
corresponding refractive index variation of the sample layer could be quite small. In those
cases, to ensure the presence or absence of a certain phenomenon or to detect a disease, the
more sensitive sensor can prove useful whereas the less sensitive ones might fail to detect
them properly. Hence with sensitivity enhancement as primary focus, we propose a mirrored
bilayer structure here incorporating layers of graphene and MoS2 and validate our claims
of enhanced sensitivity through FDTD simulations. Moreover, the structure can provide
enhancement for both angular and wavelength interrogations. As a result, the proposed
configuration, if implemented properly, can yield promising results as evidenced from the
comparison with other state-of-the art sensor designs.
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